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Fruit from rosaceous species collectively display a great variety of flavors and textures as well as a generally high content of
nutritionally beneficial metabolites. However, relatively little analysis of metabolic networks in rosaceous fruit has been
reported. Among rosaceous species, peach (Prunus persica) has stone fruits composed of a juicy mesocarp and lignified
endocarp. Here, peach mesocarp metabolic networks were studied across development using metabolomics and analysis of
key regulatory enzymes. Principal component analysis of peach metabolic composition revealed clear metabolic shifts from
early through late development stages and subsequently during postharvest ripening. Early developmental stages were
characterized by a substantial decrease in protein abundance and high levels of bioactive polyphenols and amino acids, which
are substrates for the phenylpropanoid and lignin pathways during stone hardening. Sucrose levels showed a large increase
during development, reflecting translocation from the leaf, while the importance of galactinol and raffinose is also inferred.
Our study further suggests that posttranscriptional mechanisms are key for metabolic regulation at early stages. In contrast to
early developmental stages, a decrease in amino acid levels is coupled to an induction of transcripts encoding amino acid and
organic acid catabolic enzymes during ripening. These data are consistent with the mobilization of amino acids to support
respiration. In addition, sucrose cycling, suggested by the parallel increase of transcripts encoding sucrose degradative and
synthetic enzymes, appears to operate during postharvest ripening. When taken together, these data highlight singular
metabolic programs for peach development and may allow the identification of key factors related to agronomic traits of this

important crop species.

Rosaceae, comprising more than 100 genera and
3,000 species, is the third most economically important
plant family in temperate regions of the world, with
the genera Malus, Pyrus, and Prunus predominantly
grown for their fruit (Dirlewanger et al., 2006; Shulaev
et al., 2008). Fruits from Rosaceous species offer
consumers a great variety of flavors, textures, and
sweetness-acidity ratios. Moreover, rosaceous plants
are extremely rich in specialized metabolites, many of
which have recognized value in human health and
nutrition, such as flavonoids, anthocyanins, and phe-
nolics (Macheix et al., 1991; Swanson, 1998). Prunus
has stone fruits or drupes in which seeds are covered
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by a hard, lignified endocarp (the stone), while the
juicy mesocarp is the edible portion. Peach (Prunus
persica) is one of the reference species for Prunus due to
its high economic value, small genome size, taxonomic
proximity to other important species, and availability
of homozygous doubled haploids (Shulaev et al., 2008;
Aranzana et al., 2010).

Fruit development and ripening are dynamic pro-
cesses that involve a complex series of molecular and
biochemical changes. The development process of stone
fruits can generally be described as consisting of four
clearly recognized distinct stages (51-S4; Chalmers and
van den Ende, 1975; Tonutti et al., 1997; El-Sharkawy
et al., 2007). The first stage (S1), which is the first
exponential growth phase, is characterized by a rapid
increase in cell division and elongation. During the
second stage (S2), the endocarp hardens to form the
stone (pit hardening) and there is hardly any increase in
fruit size (Dardick et al., 2010). In the third stage (S3),
known as the second exponential growth phase, a rapid
increase in fruit size takes place, along with rapid cell
division. In the final stage (54), the fruit reaches the final
full size and enters the fruit ripening or climacteric
stage. The 54 phase can be further subdivided into two
phases: S4-1, in which the fruit arrives at its full size;
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and 54-2, during which the fruit continues to ripen in an
ethylene-dependent manner (Trainotti et al., 2003). The
54-2 stage can also take place in peach fruit detached
from the tree and usually occurs prior to human con-
sumption (Borsani et al., 2009).

During fruit development and ripening, the complex
network of metabolites and proteins is dramatically
altered. In this regard, metabolomics is an excellent tool
for analyzing metabolism in developing fruit, due to its
ability to follow a relatively large number of com-
pounds in a single or a small number of analyses.
Moreover, as the fruit is one of the most metabolite-rich
organs of plants, it constitutes an excellent model for
metabolomics studies. At present, most studies em-
ploying fruit metabolomics are focused mainly on
tomato (Solanum lycopersicum; Roessner-Tunali et al.,
2003; Carrari et al., 2006) and, more recently, on two
nonclimacteric fruits, grape (Vitis vinifera; Deluc et al.,
2007; Zamboni et al.,, 2010) and strawberry (Fragaria
spp.; Fait et al., 2008; Osorio et al., 2011). Thus, it is
essential to extend metabolomics to other fruit species.
Moreover, broader use of metabolomics in Rosaceae
will provide data sets that would help in modeling
networks related to traits of agronomic interest as well
as in the discovery of human health-promoting metab-
olites. In this study, metabolic profiling during peach
development and ripening was assessed by gas chro-
matography-mass spectrometry (GC-MS), along with
the analysis of key enzymes involved in carbon and
nitrogen metabolism. These results allowed us to reveal
what is to our knowledge the first high-resolution
picture of the metabolic dynamics during peach devel-
opment as well as to identify key enzymes associated
with each peach developmental stage.

RESULTS
Dixiland Peach Fruit Development and Ripening

In order to characterize and identify the develop-
mental stages of peach fruit (cv Dixiland), growth data
were collected during at least three different years
(2007, 2008, and 2009) by measuring fruit size along
with fresh and dry weights. A typical growth profile
with data collected during 2008, together with repre-
sentative fruits from each developmental stage, are
shown in Figure 1A. The peach cv Dixiland growth
curve follows the double-sigmoid pattern that is char-
acteristic of stone fruits (Chalmers and van den Ende,
1975). Dixiland peach fruit development was divided
into four stages, S1 to 54, as described by Tonutti et al.
(1991) for peach fruit cv Redhaven. Stage 1 (S1), from
approximately 23 to 37 d after bloom (DAB), is char-
acterized by fast fruit growth, with fruits increasing
their volume more than three times in approximately
15 d (Fig. 1A). In stage 2 (S2), from approximately 38 to
66 DAB, the endocarp becomes lignified and the fruit
growth is slow. Stage 3 (S3), from approximately 67 to
94 DAB, comprises the second fast increase in fruit
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size, increasing the fruit volume between three and
four times in less than 30 d (Fig. 1A). Finally, stage 4
(S4), from 94 DAB, is the period when the fruit reaches
its final full size and ripening takes place (Fig. 1A). In
this work, the harvest of Dixiland peach was per-
formed during 54 at approximately 102 DAB, when the
fruit reached a flesh firmness of typically 57.1 = 59 N
(Borsani et al., 2009; Fig. 1A). After harvest, fruit was
kept in a chamber at 20°C and 90% relative humidity
for 7 d, a treatment that decreases the flesh firmness to
values lower than 15 N. During this postharvest period
(H-H?7), the ripening process is similar to what occurs
prior to human consumption (Borsani et al., 2009).
Thus, under our growth conditions, the development
of Dixiland peach fruit encompassed an average pe-
riod of approximately 100 d, followed by a rapid
ripening process that was accomplished in approxi-
mately 7 d.

Peach is a climacteric fruit, which significantly in-
creases ethylene production during ripening. In higher
plants, the final step of ethylene synthesis is catalyzed
by the enzyme 1-aminocyclopropane-1-carboxylic acid
oxidase (ACOQO). Previous work demonstrated that an
accumulation of mRNA encoding peach ACO1
(PpACOT1) correlates with the actual ethylene produc-
tion by peach fruit (Tonutti et al., 1997; Ruperti et al.,
2001; Borsani et al., 2009). Thus, in order to determine
the onset and further progress of the ripening syn-
drome in Dixiland peach fruit, the PpACO1 level was
determined by quantitative real-time reverse tran-
scription (qQRT)-PCR during peach fruit development
and ripening. PpACO1 levels were relatively low and
constant during almost all peach fruit development
until the 54 stage, at which an approximately 10-fold
increase was found (Fig. 1B). After harvest, a second
10-fold increase in PpACO1 was detected concurrently
with the ripening process (Fig. 1B). This PpACO1
expression pattern agrees with previously reported
results (Trainotti et al., 2007; Borsani et al., 2009) and
allowed the identification of the transition from de-
velopment to ripening in the Dixiland peach fruit.

The total protein relative to either fresh or dry
weight ratio of peach fruits was also analyzed during
development (Fig. 1C). In both cases, the protein-
weight ratio was relatively high at the beginning of
development (E) and decreased approximately 4-fold
at S1. However, the main decrease in total protein
content relative to dry or fresh weight (approximately
10-fold) took place between S1 and S2 (Fig. 1C).
During subsequent developmental stages (52-54), as
well as during postharvest ripening, no significant
differences in the total protein-weight ratio were ob-
served (Fig. 1C).

Metabolic Profiling during Peach Fruit Development
and Ripening

In order to asses the metabolic profiles of peach
fruit during development and ripening, representative
peach samples were collected from the following
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Figure 1. Dixiland peach fruits during development. A, Peach fruit growth curve. Volume (V) and fresh weight (FW) variations
are shown for peach fruits collected during 2008 at early (E) fruit development (3, 5, 9, and 17 DAB) and stages S1 (23, 29, and 37
DAB), S2 (44, 51, 59, and 66 DAB), S3 (74, 80, 83, and 87 DAB), and S4 (94 and 102 DAB). Peach fruits were harvested at 102
DAB (H), as indicated by the arrow, and allowed to ripen at 20°C for 7 d (H7). A photograph of typical peach fruits at each
developmental stage is shown in the top panel. B, PpDACOT expression during peach fruit development. Peach fruits were
collected at 29 (S1), 51 (S2), 80 (S3), 94 (S4), and 102 (H) DAB and at 3, 5, and 7 DAH (H3, H5, and H7, respectively), and
PpACOT1 levels were analyzed by qRT-PCR. The means of the results obtained, using three independent RNAs as templates, are
shown. Each reaction was normalized using cycle threshold (Ct) values corresponding to EF1a from peach. The y axis shows the
fold difference in the PPACOT level relative to the amount found in peach fruits at S1. sp values are shown. Bars with the same
letters are not significantly different (P < 0.05). C, Total protein level variation during peach fruit development. Total protein
ratios relative to either dry weight (DW) or fresh weight (FW) during peach fruit developmentat 9 (E1), 29 (S1), 51 (52), 80 (S3), 94
(S4), and 102 (H) DAB and 7 DAH (H7) are shown. Values represent means of 15 independent determinations using different
fruits. s values are shown. Bars with the same letters are not significantly different (P < 0.05). [See online article for color version

of this figure.]

developmental stages during 2008: 9 and 17 DAB (E1
and E2, respectively) in early development; 35 DAB
(S1) in the S1 stage; 59 DAB (S2) in the 52 stage; 83 DAB
(53) in the S3 stage; and 94 DAB (54) corresponding to
the S4 stage. Peach mesocarp was also collected from
peach at harvest (102 DAB; H) and during the ripening
process at 3, 5, and 7 d after harvest (DAH; H3, H5,
and H?7, respectively). Fifteen fruits at each develop-
mental stage were collected, and five separate pools,
each one composed of three different fruits, were used
for metabolite extraction and subjected to GC-MS
analysis to detect primary metabolite levels. By this
technique, 47 metabolites were undoubtedly identified
in peach cv Dixiland mesocarp and their levels relative
to the ones detected at harvest (H) were measured
(Supplemental Table S1).
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Quantitative determination of the concentrations of
21 metabolites identified in peach cv Dixiland meso-
carp was also performed by GC-MS analysis. A com-
parison of the absolute content (in ug g~ fresh weight)
of each metabolite in fruits collected at harvest (H)
time in three different years (2005, 2008, and 2010) is
presented in Supplemental Table S2. In addition, the
sorbitol content, determined by a spectrophotometric
technique, is also included in Supplemental Table S2.
Quantification of these metabolites indicates that the
most abundant sugar in peach mesocarp is Glc,
followed by Suc and Fru. With regard to organic acids,
malate level is by far higher than that of citrate
(Supplemental Table S2). Asp, Ser, and Glu are the
amino acids that display the highest levels in peach
mesocarp (Supplemental Table S2). When comparing
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the absolute content of metabolites among the three
years, the most significant changes were found in the
absolute values of citrate, Fru, and Suc. However, the
relative amounts among Fru, Glc, and Suc are practi-
cally in the same order of magnitude when comparing
the three years. On the other hand, although citrate
level varies among the three years, malate levels are in
same order of magnitude and consistently signifi-
cantly higher than citrate levels.

The data set obtained by GC-MS during develop-
ment and ripening (Supplemental Table S1) was ex-
amined by principal component analysis (Fig. 2A),

A

T 6.83

=+ 5.46
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with two principal components explaining 76.9% of
the overall variance of the metabolite profiles (53.1%
and 23.8% for PC1 and PC2, respectively). This anal-
ysis highlights a clear metabolic shift among the first
stages of development (E1-5S1) to later developmental
stages (S2-54), when the fruit reaches its final size (Fig.
2A). Moreover, the ripening stages (H-H?7) are grouped
together but separate from the developmental stages
(Fig. 2A).

Correlation analysis was also performed on the entire
data set of metabolites during peach development and
ripening. This analysis allows the identification of

Figure 2. A, Principal component
analysis of GC-MS data. Peach fruit
samples from the following develop-
mental stages were analyzed: early
development (E1, 9 DAB; E2, 17
DAB); stages S1 (37 DAB), S2 (59
DAB), S3 (74 DAB), and S4 (87 DAB);
harvest (H; 102 DAB); and during the
' postharvest ripening process at 3, 5,

4 -5.46

=+ -6.83
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and 7 DAH (H3, H5, and H7, respec-
tively). The variance explained by each
component (%) is given in parentheses.
Three separate groups can be easily
distinguished: one encompassing ET,
E2, and S1; another including S2 to S4;
and a third including samples from the
postharvest ripening process (H-H7). B,
Visualization of metabolite-metabolite
correlations during peach fruit devel-
opment and ripening. Metabolites
were grouped by compound class in
the same order as shown in Supple-
mental Table S1. Correlation coeffi-
cients were calculated by applying
Pearson correlation using R software.
Out of 1,081 pairs of metabolites an-
alyzed, 639 resulted in significant cor-
relations (P < 0.1). From these, 425
were positive and 214 were negative.

sugars

sugars alcohol

organic )
acids Each square represents the correlation
between the metabolite heading the
- column and the metabolite heading
the row with a false color scale (with
amino color scale key at the bottom).
acids

-] fatty acids
miscellaneous
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associations of metabolites across peach development
and ripening, with a more detailed evaluation of the
behavior of the metabolite network. Correlation analy-
sis was carried out by the calculation of Pearson corre-
lation coefficients for each metabolite pair as performed
previously for other fruits (Carrari et al., 2006; Fait et al.,
2008). Out of 1,081 total pairs analyzed, 639 resulted in
significant correlation coefficients (P < 0.1). Out of these
639 significantly correlated, 425 were positive and
214 negative (Fig. 2B). Myoinositol-1-phosphate, amino
acids (Glu, Val, Asp, Pro, Tyr, Ala, Phe, Thr, Gly, Iso, and
Ser), galactinol, and caffeoylquinic acids showed by far
the highest number of positive correlations (Fig. 2B). By
contrast, Suc, malate, and urea correlate negatively with
amino acids, myoinositol-1-phosphate, galactinol, and
caffeoylquinic acids (Fig. 2B). Hexadecenoic and octa-
decanoic acids as well as the cell wall component Fuc
also display negative associations with amino acids
(Fig. 2B).

Metabolism of Sugars and Sugar Alcohols during Peach
Fruit Development and Ripening

Sugars were the metabolites that displayed the most
pronounced and continuous increase during develop-
ment until harvest (Fig. 3; Supplemental Table S1). Suc,
maltose, isomaltose, raffinose, and 1-O-methyl-gluco-
side increased during peach development (from E to

Figure 3. Distribution of metabo-

E1 E2 S1 52 S3 54 H H3 H5 H7 SOLUBLE SUGARS

H), with Suc displaying the highest rate of increase,
approximately 50-fold from E to H (Figs. 3 and 4A). In
the case of Xyl, raffinose, maltose, and isomaltose,
a peak at S3 can be detected (Fig. 3). Glc, Fru, and
glucoheptose also exhibited remarkable increases
during peach development (Fig. 3). Trehalose levels
increased at early developmental stages and were
maintained thereafter. On the other hand, during post-
harvest ripening, sugar variances were not pronounced
(Fig. 3), with the exception of a slight decrease in 1-O-
methyl-glucoside and increases in Fuc, glucoheptose,
and Fru-6-P at the late ripening stage (Fig. 3).

With regard to sugar alcohols, maltitol levels in-
creased during development, from E2 until harvest,
and were maintained thereafter (Fig. 3). Glycerol
displayed a peak at harvest and decreased during
postharvest ripening to the levels detected during
development (Fig. 3). Myoinositol-1-phosphate and
galactinol levels were highest at early stages of devel-
opment, with a second peak at S3 in the case of
galactinol (Fig. 3). In the case of myoinositol, a peak
at S3 was also detected (Fig. 3). Considering sorbitol
levels, a 3-fold increase was detected during the S2-to-
S3 transition, and such levels were notably reduced
during the ripening process (Fig. 4A).

As Suc and sorbitol are the main photosynthates
translocated from leaves to fruits in Rosaceae, several
enzymes involved in the metabolism of these com-

E1 E2 S1 S2 S3 S4 H H3 H5 H7 SUGAR ALCOHOLS

lites analyzed by GC-MS during
peach fruit development and rip-
ening. The graph shows the relative
level of each metabolite to its
amount found in harvest peach fruit
(H). Normalized values are shown
on a color scale (shown at the
bottom), which is proportional to
the content of each identified me-
tabolite. Mean values of five inde-
pendent determinations for each
stage were expressed as ratios be-
tween log, and H using the Multi-
Experiment Viewer software (version
4.4.1; Saeed et al., 2003). The gray
square indicates a value not deter-
mined. E1, 9 DAB; E2, 17 DAB; S1,
37 DAB; S2, 59 DAB; S3, 74 DAB;
S4, 87 DAB; H, 102 DAB (harvest);
H3, 3 DAH; H5, 5 DAH; H7, 7
DAH. Relative values for each me-
tabolite peak area are provided in
Supplemental Table S1.
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Figure 4. Sugar and sugar alcohol
metabolism during peach fruit de-
velopment and ripening. A, Suc
and sorbitol levels during peach
fruit development and ripening.
Suc and sorbitol levels relative to
the amount detected at harvest (H)
are shown. Bars with the same
letters are not significantly different
(P < 0.05). B, Al and NI activities
during peach fruit development
and ripening. Activity is expressed
in International Units per milligram
of soluble protein (U/mg). Values

represent means of at least 10
independent determinations in dif-
ferent peach fruits during develop-
ment and postharvest ripening. For
each enzyme, bars with the same
letters are not significantly different
(P < 0.05). C, Expression analyses
of transcripts encoding enzymes
d involved in Suc (NIT to -4, SS, and
SPST and -2) or sorbitol (SDH) me-
tabolism during peach fruit devel-
opment and postharvest ripening.

Means of results obtained, using
three independent RNAs as tem-
plates, are shown. Each reaction
was normalized using Ct values
corresponding to EF1a. The y axes
show the fold difference in a par-
ticular transcript level relative to its
amount found in peach fruits at S1.
sp values are shown. For each tran-
script analyzed, bars with the same
letters are not significantly different
(P < 0.05). E2, 17 DAB; S1, 37
DAB; S2, 59 DAB; S3, 74 DAB; S4,
87 DAB; H, 102 DAB (harvest); H3,

A_ c
%1'2 ¢ 1% c E 2.5 i b
2 LD 8~ 1]
© 1.0 =
2 S 20
5 08 b G
> ] S 15
g 0.6 b » a
(]
._; 0.4 = 1.0 a 5
o ab ®
© 0.2 i ° 05
o a m 14
E2S1S5S2 S3 S4 H H3 H5 H7 E2S1S2 S3 S4
B as E e =Al
c NI
S 20 C
§_ C
2 15
=
S 010 ]
S 0.08 b
< 0.6 | o
. aa
il ddd 4d , d
0.02 1 dud
E2 S1 S2 S3 S4 H H3 H5 H7
C 20 Cc [+ Cc
@ = N1
& 151 | == NI2
= mm NI3
o 10} — N4
E 6
b
g 5
5 4 o |l ;
2 3 g cb g
I 2 a B
D a aa
£ b I b
O _nI 5
S1 82 S3 S4 H H3 H5 H7
30 L [ ———
5 SPS1 d 4 @ | ggH
{]>_) 25| = SPS2 )
= 8
= 20 =
5 & 2
w c c
c 6 ©
O 5 =
o 4 b ° 2
£ : TE 5
N 2 a a @
&3 1 ald Ea . ~ o

S1 S2 S3 S4 H H3 H5 H7

pounds were analyzed by activity measurements and/
or qRT-PCR (Fig. 4, B and C). Both acid invertase (Al)
and neutral invertase (NI) activities highly increased
during the S1-to-S2 transition (Fig. 4B). The increased
invertase activity was maintained until the fruit
reached its final size (S4). After harvest and during
ripening, relatively lower invertase activities were
maintained (Fig. 4B). Four putative NI transcripts,
called NI1 to -4, which were previously deduced from
peach EST sequences (Borsani et al., 2009), displayed
particular patterns of expression during peach devel-
opment and ripening. Thus, while NI2 increased ap-

Plant Physiol. Vol. 157, 2011

3 DAH; H5, 5 DAH; H7, 7 DAH.

S1 82 S3 S4 H H3 HS H7

proximately four times at harvest (from S1 to H) and a
further 4-fold more during postharvest ripening with
respect to H, NI1 decreased approximately 2-fold at S2
in relation to S1, maintaining its levels practically
constant thereafter (Fig. 4C). NI3 decreased approxi-
mately two times at 52 in relation to S1 but increased
between 2- and 3-fold at postharvest ripening, while
NI4 displayed a 2.5-fold peak at S4 and H with respect
to S1 (Fig. 4C). Relative transcript levels for sucrose
synthase (SS) were also analyzed during peach devel-
opment and ripening. In this case, the lowest levels
were detected from S1 to S3 and intermediate amounts

1701



Lombardo et al.

were measured in S4 and H, when a 4-fold increase
was detected with respect to S1 (Fig. 4C). A second
increase (approximately 2-fold) was detected during
postharvest ripening at H3 with respect to H (Fig. 4C).
Two putative sucrose phosphate synthase (SPS) tran-
scripts, SPS1 and SPS2, were also analyzed during
peach development and ripening (Fig. 4C). While
SPS1 did not significantly change during peach fruit
development and postharvest ripening, SPS2 showed
an approximately 6-fold increase during the S3-to-54
transition (Fig. 4C). A further SPS2 increase (approx-
imately 5-fold with respect to H) was also detected
during postharvest ripening (Fig. 4C). Finally, with
regard to the sorbitol dehydrogenase transcript (SDH),
no important changes were detected during either the
development or postharvest ripening of Dixiland
peach fruits (Fig. 4C).

Organic Acid Metabolism during Peach Fruit
Development and Ripening

The pattern of levels for various organic acids mea-
sured during peach fruit development and ripening

Figure 5. Organic acid metabolism
during peach fruit development and
ripening. A, Organic acid levels during
peach fruit development and ripening.
Citrate, malate, and 2-oxoglutarate levels
relative to the amount detected at har-
vest analyzed by GC-MS are shown.
Bars with the same letters are not sig-
nificantly different (P < 0.05). B, Ac-
tivity of enzymes involved in organic
acid metabolism during peach fruit
development and postharvest ripening.
Activity is expressed in International
Units per milligram of soluble protein
(U/mg). Values represent means of at
least 10 independent determinations in
different peach fruits during develop-
ment and postharvest ripening. For
each enzyme, bars with the same let-
ters are not significantly different (P <
0.05). C, Expression analyses of tran-
scripts encoding enzymes involved in
organic acid metabolism during peach
fruit development. Means of results
obtained, using three independent
RNAs as templates, are shown. Each
reaction was normalized using Ct
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was diverse (Fig. 3). Citrate levels were relatively
constant at the beginning of fruit development, show-
ing a significant increase (approximately 10 times with
respect to E2) at 54, followed by an approximately
2-fold decrease at harvest (H) with respect to S4
(Fig. 5A). The values measured at harvest were main-
tained during the whole postharvest ripening process
(H3-H7; Figs. 3 and 5A). On the other hand, benzoate,
fumarate, quinate, and malate levels did not signifi-
cantly change during peach fruit development and
ripening (Figs. 3 and 5A). With regard to 2-oxogluta-
rate levels, a peak at harvest was observed, followed
by a decrease during ripening (Fig. 5A). Glycerate
levels oscillated during peach development and rip-
ening and were highest at E1, S2/53, and H5 (Fig. 3).
Saccharate content was modified during peach devel-
opment and displayed a peak at E1 and 52/S3 (Fig. 3).

In addition, several key enzymes involved in
organic acid metabolism were analyzed by activity
measurement or qRT-PCR (Fig. 5, B and C). Activity of
both NAD- and NADP- dependent malic enzymes
(NAD-ME and NADP-ME, respectively) were measured
(Fig. 5B). NAD-ME activity dropped approximately
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4-fold during the S1-to-S2 transition, with a subse-
quent return to levels detected at S1 during the S3-to-
54 transition (Fig. 5B). In the course of the postharvest
ripening, the activity detected at the S4 stage was
maintained (Fig. 5B). With regard to NADP-ME, two
statistically significant increases during peach fruit
development, one of 3-fold at S1 with respect to E2 and
the other of 2-fold during the S3-to-54 transition, were
detected (Fig. 5B). This high NADP-ME activity was
maintained at harvest and during postharvest ripen-
ing (Fig. 5B). Another enzyme analyzed was phospho-
enolpyruvate carboxylase (PEPC), which showed no
statistically significant changes during peach fruit
development and ripening, with the exception of a
transitory and slight decrease at S3 stage (Fig. 5B).
Regarding the levels of transcripts encoding differ-
ent enzymes involved in organic acid metabolism,
NAD-ME levels did not show any statistically signif-
icant differences during peach fruit development
(Fig. 5C). However, at harvest and during postharvest
ripening, higher levels of this transcript were found
(Fig. 5C). Two different transcripts encoding NADP-
ME, NADP-ME1 and NADP-ME2, were also analyzed.
NADP-ME1 increased during peach development,
showed the highest levels at harvest, and decreased
during the postharvest ripening process to values
similar to those of S3 and S4 (Fig. 5C). In relation to
NADP-ME?2, a continuous increase was detected, with
the lowest levels at S1/S2, intermediate levels at S3/H,
and highest levels at H3 to H7 (Fig. 5C). Two putative
PEPC transcripts, PEPC1 and PEPC2, were also ana-
lyzed, both with increased levels during development,
2-fold in the case of PEPC1 and 4-fold in the case of
PEPC2 at the S3-to-S4 transition, and maintained
thereafter (Fig. 5C). Finally, the levels of a transcript
encoding phosphoenolpyruvate carboxykinase (PEPCK)
increased significantly during peach fruit develop-
ment, with levels approximately 50 times higher at 54
with respect to S1 (Fig. 5C). Moreover, higher PEPCK
levels (between 100 and 150 times) with respect to S1
were detected during the postharvest ripening process
(Fig. 5C).

Metabolism of Nitrogen-Containing Compounds during
Peach Fruit Development and Ripening

Out of the 14 amino acids detected by GC-MS
during peach fruit development, 12 dramatically de-
creased during early development (Fig. 3; Supplemen-
tal Table S1). Pro was the amino acid that displayed the
highest rate of decrease at the El-to-E2 transition
(approximately 17-fold), followed by Tyr (approxi-
mately 9-fold), Thr and Ser (approximately 4-fold),
and Gly, Ala, B-Ala, Asp, Asn, Glu, Val, and Ile
(approximately 3-fold; Fig. 3). Some amino acids,
such as Ala, B-Ala, Ile, Phe, Pro, Val, and Tyr, dis-
played an increase at S2 (Fig. 3). An overall decrease in
the levels of the amino acids detected was observed
during ripening, with Asn displaying an approxi-
mately 5-fold decrease (Fig. 3).
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The relative expression of transcripts encoding some
key enzymes involved in nitrogen metabolism was
also analyzed (Fig. 6B). The level of the transcript
encoding glutamine synthetase (GS) did not signifi-
cantly change during development; however, a signif-
icant increase was observed in this transcript during
postharvest ripening, with an approximately 10-fold
increase at H3 and H5 with respect to S1 (Fig. 6B). In
addition, the relative expression of transcripts encod-
ing glutamate dehydrogenase (GDH) and asparaginase
(ASE) was also analyzed during peach development
and ripening (Fig. 6B). An increase in GDH was
observed at the final development stage (S4) and
harvest with respect to the first stages (51-53), and
these higher levels were maintained during postharvest
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Figure 6. Amino acid metabolism during peach fruit development and
ripening. A, Amino acid levels during peach fruit development and
postharvest ripening. Relative Glu and Asp levels (to the amount
detected at harvest) analyzed by GC-MS are shown. Bars with the same
letters are not significantly different (P < 0.05). B, Expression analyses
of transcripts encoding enzymes involved in amino acid metabolism
during peach fruit development and postharvest ripening. Means of
results obtained, using three independent RNAs as templates, are
shown. Each reaction was normalized using Ct values corresponding to
EFTa. The y axes show the fold difference in a particular transcript level
relative to its amount found in peach fruits at S1. s values are shown.
For each transcript analyzed, bars with the same letters are not
significantly different (P < 0.05). E2, 17 DAB; S1, 37 DAB; S2, 59
DAB; S3, 74 DAB; S4, 87 DAB; H, 102 DAB (harvest); H3, 3 DAH; H5,
5 DAH; H7, 7 DAH.
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ripening (Fig. 6B). Finally, with regard to ASE, a
gradual increase was detected during development,
with levels approximately six times higher at harvest
in relation to the level detected at S1 (Fig. 6B). A
further increase in ASE was detected at H3 (more than
two times with respect to H), followed by a decrease to
the levels measured at harvest (Fig. 6B).

Fatty Acid, Caffeoylquinic Acid, and Putrescine Levels
during Peach Fruit Development and
Postharvest Ripening

Hexadecenoic and octadecanoic acids were also
analyzed during peach fruit development and rip-
ening (Fig. 3). Both fatty acids displayed significant
increases during peach development until harvest
(Fig. 3). Both trans- and cis-3-caffeoylquinic acids,
which are derived from the phenylpropanoid path-
way, displayed their highest levels during early peach
fruit development, maintained high levels during
development (with a peak at 52/S3), and decreased
during postharvest ripening, reaching their lowest
levels at the last postharvest ripening state, H7 (Fig.
3; Supplemental Table S1).

Putrescine levels, which were lower at S1 and S2
with respect to the first stages (E1 and E2), increased at
harvest and significantly decreased thereafter, during
postharvest ripening (Fig. 3; Supplemental Table S1).
Finally, phosphate levels were highest at late develop-
mental stages (52-54) and slightly decreased at harvest
and during the postharvest ripening stages (Fig. 3).

DISCUSSION

Metabolic profiling has been successfully applied to
study the development of three important crop fruits:
tomato (Roessner-Tunali et al., 2003; Carrari et al.,
2006), strawberry (Fait et al., 2008), and grape (Deluc
et al., 2007; Zamboni et al., 2010). These three species
constitute distinct model fruits, not only at the phys-
iological level but also at the biochemical level. Tomato
fruit is a climacteric berry, with a peel tissue enclosing
a fleshy pericarp and seeds. On the other hand, grape
and strawberry are both nonclimacteric fruits, but
significantly different at the physiological level. Grape
is a typical berry, in which the entire ovary wall ripens
into an edible pericarp. By contrast, strawberry is a so-
called false fruit, with a fleshy receptacle tissue and the
achenes on the surface. While in climacteric fruits,
autocatalytic ethylene synthesis is required to com-
plete ripening, nonclimacteric fruits do not exhibit the
climacteric ethylene peak (Giovannoni, 2004). In this
work, metabolomics was applied to the analysis of
peach fruit. Peach represents a novel model fruit in
terms of physiology, anatomy, and metabolism, differ-
ent from tomato, strawberry, or grape since it is a
drupe, with seeds covered by a lignified endocarp and
ajuicy mesocarp. Although peach is a climacteric fruit,
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other hormones may also be involved in the ripening
process (Trainotti et al., 2007).

Metabolism during Early Stages of Dixiland Peach Fruit
Development Supports Fruit Growth and
Stone Formation

The early developmental stages, E to S3, comprise
the peach fruit size growth period (Fig. 1). During this
phase, the growth plateau at S2 matches the stone
lignification process (Dardick et al., 2010). The lowest
PpACOI1 levels were detected at these stages (Fig. 1B),
although the changes that take place (fruit growth and
stone hardening) are ethylene independent (Fig. 7).

Total protein levels in peach were highest at E and
significantly decreased at S1 and S2 (Fig. 1C). Thus, itis
clear that immature peach fruits store high levels of
proteins, which are mainly used for the processes that
occur at S1 and S2 (Fig. 7). The metabolic profiling also
indicates high levels of several amino acids, such as
Pro, Phe, Tyr, and Glu, at E1, most of which signifi-
cantly decrease at E2 (Fig. 3; Supplemental Table S1).
However, an important peak at 52/53 was found for
particular amino acids, such as Phe, Pro, Tyr, Ala, and
Val, with Phe reaching even higher levels than those
found at E1 (Fig. 3). In this scenario, it is highly
probable that amino acids derived from stored proteins
in the early immature fruit become the substrates for
the phenylpropanoid, lignin, and flavonoid pathways
that are induced concomitantly with the deposition of
lignin in the stone at S2 (Fig. 7; Dardick et al., 2010).
Moreover, the high levels of the caffeoylquinic acids
measured during early peach development (Fig. 3) are
in accord with an induction of the mentioned metabolic
pathways during pit hardening (Fig. 7). Caffeoylquinic
acid represents an important group of plant-based
bioactive polyphenols with significant antioxidant ac-
tivity, which has been reported as having an important
beneficial effect in human health (Luo et al., 2008).

With regard to sugars, very low levels were found at
the earliest developmental stage, E1 (Fig. 3). Suc, Glc,
and Fru levels highly increase from E1 to S3 (approx-
imately 17-, 13-, and 3-fold, respectively). The rise in
Suc may be due to photosynthate translocation from
the leaf, where it is loaded into the phloem in either an
apoplastic or a symplastic manner (Moing et al., 1997;
Lo Bianco et al., 1999, Nadwodnik and Lohaus, 2008).
Moreover, the marked increase in invertase activity at
S2 to S4 (Fig. 4B) would probably favor a high rate of
Suc unloading into the fruit during these stages (Fig. 7;
Fridman et al., 2004). In addition, the further hydro-
lysis of Suc to Glc and Fru may provide the necessary
energy to sustain both fruit growth and stone forma-
tion through the highly energy-consuming pathways
induced at S2 (Fig. 7). Surprisingly, the increase in NI
activities at S2 to 54 did not correlate with the increase
in any particular NI transcript, except for the observed
increase in NI4 at S4 (Fig. 4C). Thus, a translational or
posttranslational process regulating invertase activity
may well be involved at these early stages. In this
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regard, the tight regulation of tomato invertase activity
by a specific invertase inhibitor protein (Jin et al., 2009)
could also take place in peach.

Considering sugar alcohols, an increase in sorbitol
levels was found in S3 compared with E2 (Fig. 4A),
which was not accompanied by changes in SDH levels
(Fig. 4C). Since sorbitol, together with Suc, is trans-
ported from leaves to fruits in Rosaceae, higher levels
of this metabolite may be a consequence of greater
import due to higher sink strength at this stage of
development (Fig. 7; Moing et al., 1997; Nadwodnik
and Lohaus, 2008).
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The results regarding the other sugar alcohols ana-
lyzed, mainly galactinol, myoinositol, and raffinose,
are rather surprising. High levels of galactinol and
myoinositol-1-phosphate were detected at E1; myoi-
nositol-1-phosphate further decreased from E1 to S3 in
parallel with a 10-fold increase in raffinose, along with
the occurrence of a second peak of galactinol in S2/53
(Fig. 3). Thus, high levels of galactinol and raffinose
were observed during pit hardening. Galactinol
(galactopyranosyl-myoinositol) is synthesized from
UDP-Gal and myoinositol and used as the galactosyl
donor, while Suc is the acceptor for the synthesis of the
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trisaccharide raffinose. Raffinose is one of the main
oligosaccharides constituting a significant component
of phloem-transported sugars in certain species such
as cucurbit plants. Besides being translocated, raffi-
nose concentrations in the fruit flesh of watermelon
(Citrullis vulgaris) are negligible, due to its hydrolysis
while being unloaded (Yativ et al., 2010). In contrast,
the accumulation of raffinose oligosaccharides has
been associated with stressful environmental condi-
tions (Taji et al., 2002). More importantly, the potential
role of these oligosaccharides has been intensively
studied in seeds, where their accumulation coincides
with the development of desiccation tolerance during
seed maturation (Horbowicz and Obendorf, 1994; Lin
and Huang, 1994; Bernal-Lugo and Leopold, 1995).
Besides, these oligosaccharides have also been sug-
gested to accumulate in seeds as a readily metaboliz-
able carbohydrate source for energy generation during
germination (Downie and Bewley, 2000). Thus, the
simultaneous occurrence of the high galactinol and
raffinose levels along with stone formation suggests an
important role of these compounds in peach seed
formation. To our knowledge, this is the first time that
raffinose has been detected in peach fruits and that a
link between this trisaccharide and stone formation or
seed maturation has been suggested (Fig. 7).

The three main organic acids in the peach fruit,
citrate, malate, and quinate, have been suggested to
undergo continuous accumulation during fruit devel-
opment for their further respiratory consumption
(Moing et al., 1998; Etienne et al., 2002). In this work,
the metabolic profiling of Dixiland peach showed
practically constant levels of quinate and malate dur-
ing the E to S4 stages (Figs. 3 and 5A). Significant
increases in both NADP-ME activity and NADP-ME1
and -2 were found during peach development (Fig. 5,
B and C). Moreover, while PEPCK levels were highly
increased at S3 in relation to S1 (Fig. 5C), PEPC activity
was reduced in S3 with respect to E (Fig. 5B). Thus,
both NADP-ME and PEPCK, functioning as decarbox-
ylating enzymes, may be involved in organic acid
catabolism at early development stages and, thereby,
prevent malate accumulation (Fig. 7). The important
decrease in free amino acid content during the early
stages as well as the higher levels of citrate, compared
with E, detected at S3 (Figs. 3 and 5A) are the grounds
for our hypothesis concerning amino acid metaboliza-
tion into organic acids at this stage (Fig. 7). In addition,
it is interesting that increased NADP-ME activity at an
early stage (S1) could provide NADPH for lignin,
phenylpropanoid, and flavonoid synthesis during pit
hardening.

Metabolism during Late Maturation of Dixiland Peach
Fruit: Reaching Final Size and Preparing for Ripening

At late developmental stages in peach (S4 and H),
the fruit reaches its final size attached to the tree (Fig.
1A). During this period, the first increase in PpACO1
was observed (Fig. 1B). As PpACO1 levels are highly
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correlated with the rate of ethylene release (Tonutti
et al., 1997; Ruperti et al., 2001; Borsani et al., 2009), an
increase in ethylene production is occurring at this
stage. It is then possible that such an increase would
trigger the remarkable ethylene increase detected dur-
ing postharvest ripening (Fig. 1B; Borsani et al., 2009).

During the transition from S4 to H, amino acid levels
(such as Phe, Pro, Tyr, and Ala) were still high com-
pared with earlier stages, although significant reduc-
tions were observed (Fig. 3). As the lignification process
is considered complete at this stage, it is most likely
that amino acids would be used as either energy fuels
or precursors for flavonoid synthesis. The increase in
GDH and ASE in relation to early developmental
stages (Fig. 6B) is in accord with the catabolism of
amino acids into organic acids for fuel. Moreover,
a decrease in citrate level along with an increase in
2-oxoglutarate, which reaches the highest level at H
(Figs. 3 and 5A), were detected. The peak in NADP-
MET1 and the corresponding increase in activity at H,
together with an increase in PEPCK levels (Fig. 5C), are
in agreement with the suggested catabolism of amino
acids to provide organic acids to fuel respiration, as
has previously been reported during dark-induced
senescence (Ishizaki et al., 2006; Aratjo et al., 2010)
and overexpression of amino acid transporters
(Weigelt et al., 2008).

An increase in Suc content was also detected at the
transition from S4 to H (Figs. 3 and 4A), when the
delivery of this disaccharide is halted due to fruit
separation from the tree. In accordance with this
observation, a dramatic decrease (approximately 20
times) in invertase activity was detected at this point
(Fig. 4B), which is consistent with a role of invertase in
the facilitation of Suc unloading from the phloem into
the fruit. Again, the decrease in NI activity was not
correlated to any particular NI (Fig. 4C). The sorbitol
level peaked at S4 and decreased by 50% at H (Fig. 4A).
This result suggests a rapid mobilization of this sugar
alcohol, which it is not a major storage form of carbon
in the fruit, despite being a major form of carbon
transport from leaf to fruit in Rosaceae.

Metabolism during Ripening of Dixiland Peach Fruit:
Preparing for Consumption

During the postharvest ripening process, the peach
fruit is transformed into a palatable product for con-
sumers (Borsani et al., 2009). All these modifications
affect the nutritional quality, flavor, and aroma, and
the ratio between sugars and organic acids at the ripe
state contributes significantly to the overall flavor of
the fruit. The changes that occur in peach at this stage
are related to ethylene synthesis, as accounted for by
the approximately 100-fold PpACO] increase in rela-
tion to early stages (Fig. 1B).

Contrary to the early stages of development, which
are characterized by high levels of amino acids, the
majority of these compounds decreased during ripen-
ing (Fig. 3). Such is the case for Asn and Tyr, which
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decreased approximately 3- and 2-fold in relation to H,
respectively (Fig. 3). These data, together with the high
increase of the transcripts encoding major enzymes
involved in amino acid catabolism (ASE, GDH, and
GS) typical of the postharvest stage (Fig. 6B), indicate
that amino acids are used as respiratory substrates
during the ripening process (Fig. 7). Furthermore, the
high levels of NADP-ME activity, and NADP-ME1 and
PEPCK transcripts during the ripening process (Fig. 5,
B and C), support this theory (Fig. 7), particularly
considering that a role for PEPCK in organic acid
catabolism in certain fleshy fruits has been suggested
previously during ripening (Famiani et al., 2005).

Putrescine levels were significantly reduced during
postharvest ripening (Fig. 3). Putrescine is a polyamine
that has been implicated in a wide range of develop-
mental processes. The decrease found during posthar-
vest ripening is in accordance with previous results
(Ziosi et al., 2009) and with the potential role of poly-
amine as a senescence inhibitor. Therefore, low levels of
putrescine and a high release of ethylene would favor
the postharvest onset of the senescence process.

With regard to sugars, almost constant Suc levels
were found throughout the ripening process (Figs. 3
and 4A). Suc degradation can take place via SS to
hexose phosphate or via invertase, while SPS is a key
enzyme involved in Suc synthesis (Fig. 7). Although
invertase activity (both AI and NI) remained low
during peach postharvest ripening in relation to early
stages (Fig. 4B), specific induction of distinct putative
NI transcripts was detected (a remarkably 7-fold in-
crease in NI2). Thus, no correlation was found between
invertase transcript level and activity, which may be
due to translational or posttranslational regulation of
invertase activity. Nevertheless, the particular re-
sponse of each NI during peach development and
different postharvest treatments (Lara et al., 2009,
2011) indicates that NI transcripts display particular
roles that will require further analyses. This hypoth-
esis is reinforced by the discovery of novel physiolog-
ical functions (Roitsch and Gonzalez, 2004) and
compartmentalization of invertases (Vargas et al.,
2008; Vargas and Salerno, 2010). On the other hand,
an increase in SS and SPS2 levels was also detected
during postharvest peach ripening (Fig. 4C). The par-
allel increases in transcripts involved in Suc degrada-
tion (NI2 and -3 and SS) and synthesis (SPS2) suggest a
cycle for both processes (Fig. 7), as was observed
during anoxia treatment of peach fruit (Lara et al.,
2011). Such Suc cycling has also been detected in many
other tissues, where it was suggested to control several
important physiological functions (Roby et al., 2002;
van der Merwe et al., 2010). The particular role of such
a cycle during peach ripening will require detailed
analysis in the future. That said, the increases in both
degradative and synthetic Suc pathways are in keep-
ing with the unchanged levels of this metabolite (Fig.
3A). Finally, regarding sorbitol, a dramatic decrease
was found during the ripening process (Fig. 4A),
supporting previous suggestions (Borsani et al., 2009)

Plant Physiol. Vol. 157, 2011

Metabolic Networks during Peach Development and Ripening

that this sugar alcohol is no longer used as carbon fuel
at 3 DAH.

Fruit Development in Peach Is a Process Metabolically
Different from Those Operating in Other Model Fruits:
Identification of Key Metabolic Steps in Peach

The comparison of metabolic profiling during the
development of peach and other fruits indicates that
each fruit follows a diverse metabolic program. For
example, dramatic differences were detected in the
case of tomato, where some amino acids increased
while others decreased at early developmental stages
and Suc levels decreased during development (Carrari
and Fernie, 2006; Carrari et al.,, 2006). However, it
seems that invertase displays a central role in tomato
as well as in peach (Fridman et al., 2004; Zanor et al.,
2009). On the other hand, and similar to what can be
observed in peach, an increase in the content of certain
amino acids was found during strawberry achene
development. However, it was suggested that this
increase would be due to amino acid import from the
mother plant (Fait et al., 2008). Finally, in the case of
grape berries, Suc was relatively low and constant
during berry development (Deluc et al., 2007), in
contrast to the important increase found in peach.
Since great differences in terms of morphology are
found among fruits, it seems reasonable that singular
metabolic programs support the differential develop-
mental processes.

Figure 7 summarizes the most relevant metabolic
steps during peach development and ripening derived
from this work. The principal roles of stored proteins
and amino acid metabolism during early stages (as
substrates for the phenylpropanoid pathway) and also
during ripening (as fuels) are highlighted, an obser-
vation that was not reported previously in the case of
peach. Thus, enzymes involved in amino acid metab-
olism may be useful biomarkers for the different
developmental stages as well as key in determining
the final quality of the peach fruit. On the other hand,
metabolic determinants for Suc levels, invertase activ-
ity for early stages and Suc cycling for ripening, are
also inferred from this work. The relevance of stone
formation by lignification of the fruit endocarp layer,
which affects primary metabolism to fulfill this pro-
cess, is also remarked. Lignin is a compound of tre-
mendous economic importance that is unique to
plants and has been found at extremely high levels
in peach stones (Dardick et al., 2010). Although the
metabolic programs to sustain the lignification process
may vary among the different species with stone
fruits, key processes in the biosynthesis of substrates
for the phenylpropanoid pathway were identified in
this work for peach. Finally, the relevance of the
posttranscriptional regulation of enzyme activity is
also inferred from this study, indicating the need for
integrated studies of metabolic pathways, combining
analyses of metabolite, transcript, protein, and enzyme
activity levels.
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MATERIALS AND METHODS
Plant Material

Assays were conducted using peach fruit (Prunus persica ‘Dixiland’) grown
in the Estacién Experimental Agropecuaria, San Pedro, Argentina (Budde
etal., 2006; Borsani et al., 2009). Fruit growth was monitored weekly on at least
10 fruits by measuring the increase in volume and fresh weight of fruits
collected at different development stages. Volume calculation was carried out
through the volume sphere equation using the average radius of fruits at
different DAB. Dry and fresh weight determinations were carried out by
weighing peach fruits at different developmental stages in fresh fruit and after
incubation at 80°C up to constant weight. Early fruit development samples (E)
were collected at 3, 5,9 (E1), and 17 (E2) DAB. Fruit samples were collected at
the S1 stage (23, 29, and 37 DAB), the S2 stage (44, 51, 59, and 66 DAB), the S3
stage (74, 80, 83, and 87 DAB), and the S4 stage (94 and 102 DAB). Peach
samples were also collected at harvest when the fruit reached a flesh firmness
of typically 57.1 = 5.9 N (Borsani et al., 2009), at approximately 102 DAB. After
harvest, fruits were kept in a chamber at 20°C and 90% relative humidity for 7
d, when fruit flesh firmness reached values lower than 15 N (Borsani et al.,
2009). Samples were collected after 3, 5, and 7 DAH and named as H3, H5, and
H7, respectively. Whole fruit tissue was used for samples taken during E, as
the seed is inseparable; while for S1, 52, S3, and S4 stages, representative
mesocarp tissue was collected. At least 20 fruits at each developmental stage
were collected. Five separate pools, each one composed of three different
fruits of the same developmental stage, were used for further analysis.
Samples were immediately frozen in liquid N, and stored at —80°C for further
experiments. The complete metabolic profile during development and ripen-
ing shown in this work corresponds to fruits collected during 2008. Fruits
collected during 2005 and 2010 were also analyzed for metabolite composition
at harvest (H).

Protein Extraction for Activity Measurements

Total protein from different peach fruit samples was extracted using buffer
containing 400 mwm Tris-HCI, pH 8.5, 5 mm EDTA, 10 mm MgCl,, 10 mm
B-mercaptoethanol, 20% (v/v) glycerol, 10 mm ascorbic acid, 1 mm phenyl-
methylsulfonyl fluoride, and 1% (v/v) Triton X-100 in a ratio of buffer to fresh
tissue weight of 0.3 mL to 1 g. Thirty-three microliters of protease inhibitor
cocktail (Sigma) was used per gram of fresh tissue. In the case of the crude
extract prepared for invertase measurements, 400 mm HEPES-NaOH, pH 8.5,
was used instead of Tris-HCl, pH 8.5. In all cases, samples were completely
ground in a cold mortar with the addition of insoluble polyvinyl polypyrro-
lidone (Sigma) and centrifuged at 10,000¢ for 15 min at 4°C. Crude extract
supernatants were desalted, according to Penefsky (1977), in a cold Sephadex
G-25 column preequilibrated with a buffer of the same composition as the
extraction buffer but containing 100 mm Tris-HCI, pH 8.0, or 100 mm HEPES-
NaOH, pH 8.0. These crude extracts were used for activity and protein
measurements.

Protein Quantification

Protein concentration was determined by the method of Bradford (1976)
using the Bio-Rad protein assay reagent and bovine serum albumin as a
standard.

Enzyme Assay

Enzyme activity was measured spectrophotometrically in a final volume of
1 mL at 30°C and 340 nm using a Helios B-spectrophotometer (UNICAM
Instruments). Reaction mixtures used for each enzyme were as follows.

Invertases

NI activity was assayed in an incubation mixture containing 200 mm
HEPES-NaOH, pH 7.5, 250 mm Suc, and an aliquot of the protein extract to be
tested. The mixture was incubated at 30°C for different times, and reaction
process was followed to detect the amount of Glc produced by using the Glc
oxidase/horseradish peroxidase assay. Al was assayed in the conditions
described above, although the reaction mixture contained 100 mm acetic acid/
sodium acetate buffer, pH 5.0, and 25 mm Suc. In the case of Al the aliquot was
neutralized prior to Glc determination (Vargas et al., 2007).
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PEPC

For PEPC, 100 mm Tris-HCI, pH 8.0, 20% (v/v) glycerol, 10 mm MgCl,, 10
mm NaHCO,, 4 mm PEP, 0.15 mm NADH, and 10 units of malate dehydro-
genase (Lara et al., 2003) were used.

NADP-ME

For NADP-ME, 50 mm Tris-HCl, pH 7.5, 0.5 mm NADP, 10 mm L-malate,
and 10 mm MgCl, were used. Reaction was started by the addition of malate
(Detarsio et al., 2003).

NAD-ME

For NAD-ME, 50 mm HEPES, pH 7.3, 2 mm NAD, 2 mM 1-malate, 5 mum
dithiothreitol, 75 um CoA, 5 mm MgCl,, 5 mm MnCl,, and 10 units of malate
dehydrogenase were used. After the rapid increase of the A, the subsequent
steady increase is attributable to the decarboxylation of L.-malate by NAD-ME
(Tronconi et al., 2008).

RNA Isolation and RT-PCR

Total RNA from different peach samples was isolated employing 4 g of
tissue using the method described by Meisel et al. (2005). RNA integrity was
verified by agarose electrophoresis and by isolation and sequence determi-
nation of the complete coding sequences for some known transcripts. RNA
quantity and purity were determined spectrophotometrically. First-strand
cDNA was synthesized with Moloney murine leukemia virus reverse tran-
scriptase following the manufacturer’s instructions (Promega) and using 3 ug
of RNA and oligo(dT).

qRT-PCR

Relative expression was determined by performing qRT-PCR in an iCycler
iQ detection system and Optical System Software version 3.0a (Bio-Rad),
using the intercalation dye SYBR Green I (Invitrogen) as a fluorescence
reporter, with 2.5 mm MgCl,, 0.5 um of each primer, and 0.04 units L' GoTaq
Polymerase (Promega). PCR primers were designed based on peach fruit
cDNA sequences published in GenBank and peach EST databases (The
Institute for Genomic Research Plant Transcript Assemblies; http://plantta.
jevi.org [Childs et al., 2007]), with the aid of the Web-based program primer3
(http:/ /frodo.wi.mit.edu/primer3/), to produce amplicons of 131 to 234 bp in
size (Supplemental Table S3). Primer and amplicon sequences were further
analyzed using peach EST databases (ESTree; http:/ /www.itb.cnr.it/estree/
[Lazzari et al., 2008] and the Genome Database for Rosaceae; http:/ /www.
bioinfo.wsu.edu/gdr/ [Jung et al, 2008]). A 10-fold dilution of cDNA
obtained as described above was used as template. PCR controls were
performed in the absence of added reverse transcriptase to ensure DNA-
free RNA samples. Cycling parameters were as follows: initial denaturation at
94°C for 2 min; 35 cycles at 96°C for 10's, 58°C for 15's, 72°C for 1 min, and 72°C
for 10 min. Melting curves for each PCR were monitored by measuring
fluorescence quenching with increasing temperature (from 65°C to 98°C). PCR
specificity was confirmed by software-based melting curve analysis as well as
by agarose gel electrophoresis of the products. Relative gene expression was
calculated using the comparative 24T method (Livak and Schmittgen, 2001)
and elongation factor-la from peach (EF-la; Supplemental Table S3) as a
reference gene. Each assay was run in triplicate and repeated at least three
times using different samples.

Metabolite Measurements

Metabolite analysis by GC-MS was carried out essentially as described by
Roessner-Tunali et al. (2003). Whole fruit (for E samples) or representative
mesocarp tissue of peach fruits (250 mg) at different development stages (S1-
S4) and during the ripening process (H-H7) were ground using ceramic
mortar and pestle precooled with liquid nitrogen and extracted in 3 mL of
methanol. Internal standard (180 uL; 0.2 mg ribitol mL™! MilliQ water) was
subsequently added for quantification purposes. The mixture was extracted
for 15 min at 70°C (vortexing every 3 min) and mixed vigorously with
precooled MilliQ water (1.5 mL). After centrifugation at 2,200g, an aliquot of
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the supernatant (50 wL) was transferred to a reaction tube (1.5 mL) and
vacuum dried. Tubes were filled with argon gas and stored at —80°C. Samples
were derivatized and GC-MS was performed as described by Roessner-Tunali
et al. (2003). Mass spectra were cross-referenced with those in the Golm
Metabolome Database (Kopka et al., 2005). Five independent determinations,
composed of three different fruits of the same stage, were performed for each
sample analyzed. Data presented are normalized to the harvest peach fruit (H)
and expressed as log, ratios to H using the MultiExperiment Viewer software
(version 4.4.1; http://www.tm4.org/ [Saeed et al., 2003]). Determination of
the absolute concentrations of identified metabolites was performed by
comparison with calibration standard curve response ratios of various con-
centrations of standard solutions, including the internal standard ribitol,
which were derivatized concomitantly to tissue samples.

Principal component analysis was performed on data sets obtained from
metabolite profiling by employing the software package TMEV (Saeed et al.,
2003) and applying the default weighted covariance estimation function. The
data were log, transformed and normalized to the median of the entire sample
set for each metabolite before analysis. Correlation analysis between metab-
olites based on Pearson correlation was performed using R software (Ihaka
and Gentleman, 1996).

Sorbitol was determined enzymatically using SDH from sheep (Sigma)
according to Bergmeyer et al. (1974). Samples were ground in a mortar with
liquid N, and deproteinized with perchloric acid in order to prevent further
conversion of sorbitol by endogenous enzymes (Bergmeyer et al., 1974). A
calibration curve with known sorbitol concentrations was performed.

Statistical Analysis

Data presented were analyzed using one-way ANOVA. Minimum signif-
icance differences were calculated by the Bonferroni, Holm-Sidak, Dunnett,
and Duncan tests (« = 0.05) using the SigmaStat Package.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Table S1. Levels of 47 metabolites relative to their amount
found in harvest peach fruits (H), and ANOVA P values expressing the
statistical significance of changes in primary metabolite content across
developmental stages and ripening.

Supplemental Table S2. Quantitative determination of the concentrations
of 21 metabolites identified in peach cv Dixiland mesocarp at H.

Supplemental Table S3. Oligonucleotide sequences of primers used for
real-time RT-PCR analysis.
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